We propose a single-step method appropriated for a fiber-optic probe-based full-range spectral domain optical coherence tomography (OCT). The fiber-optic probe was scanned over a sample with a magnetically driven actuator. In the reference arm, a phase shift of π∕2 was applied during two neighbor axial scanning, from which the complex spectral interferogram was directly reconstructed. Since the complexconjugate-free OCT image is obtained by doing just one Fourier transform on the complex interferogram, obtaining the full-range image is simple in algorithm and effective in computation time. Some full-range images of biological samples created with the proposed method are presented and the processing time is analyzed.
Introduction
Optical coherence tomography (OCT) is a powerful noninvasive imaging modality that provides highresolution tomographic images. As its original form, time-domain OCT is time consuming and mechanically unstable because it requires a moving part for axial scans (A-scan) [1] . The second-generation, spectral domain OCT (SD OCT) [2] [3] [4] operates at a higher speed and shows improvement in sensitivity. However, it leads to the inevitable problem of overlapping real and complex-conjugate images. The fast Fourier transform (FFT) of an interferogram is symmetric with respect to the interferometer's zerophase delay, which reduces the depth range by half. Therefore, in order to remove the complex-conjugate artifact, various full-range methods have been proposed. They can be categorized into the multi-and single-frame methods. As the multi-frame method, the phase shifting [5] [6] [7] [8] [9] [10] and the simultaneous multiple detection method [11, 12] were researched. For the single-frame method, the BM scan [13] (B-scan: lateral scan, M-scan: reference mirror scan), the B-scan-based Hilbert transform reconstruction [14] , and the phase shift between two A-lines [15] methods have been proposed.
The phase-shifting method is the most common way for retrieving a complex image from a few frames of interferograms having different phases at the reference beam. However, it requires several interferograms at the same location to build a single complex A-line, which is time consuming; the two-step phase-shifting method has been adopted particularly because it demands just two interferograms [6, 7, 9, 10] . By utilizing multiple spectrometers [11] or a 3 × 3 coupler [12] for parallel detections, two interferograms of a phase difference could be simultaneously captured. Even though this technique has the advantage of phase stability against the sample motion and external environmental perturbations, the system either expands or requires additional devices. Additionally, it has unwanted power loss.
Recently, the single-frame full-range method has been widely researched, in which the complex image is obtained while modulating the phase of the reference beam during the lateral sample scanning. In this case, the complex-conjugate image can be eliminated without giving up the measurement time. Among the single-frame full-range methods, the Yasuno's BM scan [13] and Wang's Hilbert transform [14] methods in particular have been employed by many groups [16] [17] [18] [19] [20] . In practical realization, the phase-shifting method using an off-axis galvano scanner, without any phase shifting in the reference arm, was developed [16] [17] [18] . However, the BM scan and the Hilbert transform method require as much as triple FFT processes. In order to reduce the process time, the coupled equation based on the phase shift between neighboring A-scans has been proposed [15] . Although it conducts only a single FFT, it requires an additional calculation after the FFT.
OCT systems based on fiber-optic endoscopic and handheld probes [19] [20] [21] have been developed for preclinical and clinical researches. They have the advantages of compactness, flexibility, alignment free, high-speed scanning, and particularly good compatibility with other fiber-based systems. Similar to the conventional bulk-optic-based system, the probebased SD OCT system also presents the complexconjugate artifact problem. Interestingly, studies of a probe-based full-range system [19, 20] remain rare, despite its potential for high-contrast internal organ imaging. However, some full-range methods applied for the bulk-optic-based system are not suitable for the fiber-optic probe-based system. For example, receiving several interferograms at a same position, of different phases, is not simple with a fiber-optic scanner. By taking these limits into consideration, the single-frame full-range method would be more suitable for a fiber-optic probe-based OCT system since it can have the phase shift and the sample scanning simultaneously.
In this paper, we adopt and modify the two-step phase-shifting method for a full-range fiber-optic probe-based system by considering factors, such as a time-and space-efficient image processing algorithm. In the original two-step phase-shifting process, two successive A-line measurements are made at a same location but with a phase shift of π∕2, to extract the complex spectral interferogram for a full-range image. In our modified method, the complex spectral interferogram is constructed with two neighboring A-lines and the full-range image is obtained with a single FFT process, the so-called single-step method in this paper. The main content is composed of largely two parts. First, the singlestep method is applied to a bulk-optic-based system and for confirming the concept of the proposed method. Second, the method is applied to the system equipped with the fiber-optic probe fabricated for this experiment. The complex-conjugate-free, fullrange SD OCT images obtained with both bulkand fiber-optic probe-based systems are presented. Finally, the computation times of the standard (real FFT in wavenumber domain), the BM scan, and the single-step method are compared and analyzed.
2. Single-Step Method Confirmed with Bulk-Optic-Based System
A. Schematic and Method Introduction
A bulk-optic-based SD OCT system was constructed with the scheme of Fig. 1 to confirm the concept of the single-step method. For the SD OCT system, a broadband light source having a center wavelength of 840 nm and a spectral bandwidth of 62 nm (Superlum SLD-35-HP) was used. The light was split into reference and sample beams using a 50∕50 optical fiber coupler. The sample beam was reflected or scattered from the sample under investigation, and the reference beam was reflected from a reference mirror. In the sample arm, an off-axis galvano scanner was utilized for both the phase shift and the sample scanning. The beams from the sample and the reference arms combine through the coupler and interfere with each other. Finally, the combined beam was delivered to a spectrometer and captured by a line-scan CCD camera (Atmel Aviiva SM2 CL 2014).
The spectral interferogram at the line-scan CCD is mathematically given as
where ω and x are the optical angular frequency and the lateral position, respectively. I R ω and I s ω; x are the light intensities of the reference and the sample beams, Δφ s ω; x is the lateral positiondependent phase delay of the sample beam relative to the reference beam, and φx is the lateral position-dependent phase shift that occurs during sample scanning. Generally, in order to get a complex interferogram, φx is adjusted with a proper phase shift. The experimental axial and lateral resolutions were both 10 μm. The lateral resolution was measured by plotting the intensity profile of the beam reflected from a sharp edge-cleaved silicon wafer; 20-80% width of the measured intensity was regarded as the spot size of the beam [22] . Seven A-line scans were made within the lateral spot size of the sample beam (oversampling ratio 7). Thus, we could assume that only the externally applied phase shift was effective when we consider the phase difference between two neighboring A-lines. Or the phase shift due to the sample surface variation could be ignored in a similar fashion when calculating the Doppler shift in Doppler OCT [23] [24] [25] . Figure 2 illustrates the schematic of the off-axis galvano scanner that gives the phase shift to the sample beam while sample scanning, which is necessary to construct a complex spectral interferogram. Labels GV, PA, a, and θ represent the galvano scanner, pivot axis, galvano mirror offset, and maximum scan angle, respectively. n, I n , and I n1 are the consecutive number of A-lines in the lateral direction, and spectral interferograms taken at nth and (n 1)th lateral positions. When the phase shift of Δφ π∕2 is applied between two neighboring A-lines, the neighboring spectral interferograms are expressed as I n Iω; I n1 Iω; Δφ π∕2:
Here, the two signals I n and I n1 have the same amplitudes but the phases are different by π∕2. Thus, the complex spectral interferogramĨ n for a full-range image can be mathematically constructed as a simple combination of two signals:
I n I n iI n1 Iω iIω; Δφ π∕2:
With this complex interferogram, the complexconjugate-free time-domain signal is obtained by performing a single inverse FFT:
The figures τ r and τ m represent the traveling times from the reference mirror and from the position of a layer m in the sample, respectively. Their difference, τ r − τ m , is proportional to the optical path length difference between the reference and the sample arms.
B. Performance
In an off-axis galvano scanner, when the maximum scanning angle θ is assumed small enough, the phase shift at the nth position in the lateral direction is calculated as [17] φ n 4πaθ Nλ n;
where N is the total number of A-lines and λ is the operating wavelength. The equation says that the phase increases proportionally to the number of Alines n, thus to the position in the lateral direction. By adjusting the parameters of Eq. (5) in experiments, the phase interval of π∕2 could be obtained. At first, with an infrared alignment card (Thorlabs VRC2D05) as a sample, 2000 A-line spectral interferograms had been captured during a single sample scan. With each interferogram, FFT was performed and its phase was extracted. And then phase shift occurs along a lateral line was plotted in Fig. 3 and fitted with a linear curve. The slope of the fitted curve means the phase difference between two neighboring A-lines. To have the phase interval of π∕2, fine adjustment was made mainly with the galvano mirror offset a. The curve fitting in Fig. 3 says that the phase interval is about 1.57 rad, which is very close to the necessary one of π∕2. In the experiment, the parameters a, θ, N, and λ were adjusted to be 3.0 mm, 4°, 2000, and 840 nm, respectively.
With a flat mirror as a sample, the interferograms of one B-scan were captured and the proposed Fig. 2 . Illustration showing the concept of the suggested singlestep method in a bulk-optic-based system. An off-axis galvano scanner in the sample arm was used for phase shift. n, number of A-lines; I n and I n1 , two neighboring A-lines at nth and n 1th in lateral direction; GV, galvano scanner; PA, pivot axis; a, galvano mirror offset; θ, maximum scan angle. A pair of neighboring A-lines is used to construct complex spectral interferogram, which is required for eliminating complex-conjugate term after performing FFT in the wavenumber domain. single-step method was applied to a pair of neighboring A-line interferogram signals. Figure 4 shows the FFT spectrum of the complex interferogram constructed by using Eq. (3). We can see that the complex-conjugate artifact signal (small peak on the left) was highly suppressed; otherwise it had the same intensity as the wanted signal (big peak on the right). The suppression ratio defined as the ratio of the two Fourier peaks [16] was measured as high as −44 dB.
C. Image Reconstruction Processing
With a gemstone pearl [26] , the SD OCT images have been reconstructed by using three methods and comparing their complexities and processing times; the standard method having no full-range capability, the conventional BM scan method, and the proposed single-step method. First of all, a two-dimensional (2D) spectral interferogram of Fig. 5(a) was formed with the interferograms of a single B-scan, obtained while modulating the phase with the slop of Fig. 3 . The vertical line at a position x is the A-line interferogram, taken at that particular lateral position and transformed into the optical wavenumber k domain.
At first, the standard SD OCT image of Fig. 5(e) was obtained by performing FFT on each k interferogram. As expected, it shows the symmetrically overlapped image, folded with respect to the interferometer's zero-delay line, thereby making the image difficult to distinguish. Second, the BM scan method was performed, in which the interferogram was processed by the FFT in the lateral direction first. Figure 5(b) is the FFT spectrum for a single lateral line, represented in Fig. 5(a) as the horizontal dotted line. It has two Fourier peaks, located symmetrically with respect to the zero spatial frequency, which means the interferogram [the one taken along the horizontal line in Fig. 5(a) ] has a single spatial frequency. One of the Fourier peaks was selected by using a spatial frequency filter [the trapezoidshape solid line in the left of However, we can see that DC and autocorrelation terms, not related with the phase shift between A-lines in general, were not eliminated in Fig. 5(f) . Although presenting limitation, the single-step method is still attractive since by adding a simple image processing, we can remove the nonphase shift-related signals in some cases [10] . It is noteworthy that in Fig. 5(b) , the Fourier peaks appear at the very middle positions of the positive and negative sides of the spatial frequency axis when the phase difference interval is π∕2. This property was used to adjust the galvano scanner of Fig. 2 to have the necessary phase interval of π∕2.
D. Experimental Result
To confirm the feasibility of applying the proposed single-step full-range method to biological samples, human skin and tooth were imaged with the bulk setup of Fig. 1. Figures 6(a)-6 (c), 6(d)-6(f), and 6(g)-6(i) present the SD OCT images of a human finger [27] , a fingernail near the nail fold region [14] , and a tooth near the dentino-enamel junction region [20] , respectively. The figures in the first column are the full-range images obtained using the proposed single-step method, and the ones in the second column were obtained using the BM scan method. The last column shows the corresponding standard SD OCT image, which is overlapped with its complex-conjugate image. We can see that the full-range images, obtained with both the single-step and the BM scan methods, show the clear structure inside the samples. interface between epidermis and dermis of the human finger. In Figs. 6(d) and 6(e), we can see the nail plate, epidermis, and dermis of the human fingernail. With Figs. 6(g) and 6(h), the dentino-enamel junction of a human tooth is clearly observed. Each image has a size of 2.7 mm × 3.0 mm (depth× lateral∶750 pixels × 2000 pixels), and was obtained at an acquisition speed of 10 frames∕s.
Process times for the standard, the BM scan, and the single-step method were then compared in order to investigate time efficiency, and summarized in Table 1 . Note that the horizontal and vertical axes represent the applied image processing method and the number of acquired frames, respectively.
The computation times for a single frame were 360, 740, and 470 ms, respectively, which included the rescaling and dispersion compensation processes [28] . The processing time was almost linearly proportional to the number of frames. For 1000 frames, the single-step method took 470 s, which was longer than the standard method by 110 s but shorter by 260 s than the BM scan method. The reduction of the computation time by the single-step method with respect to the BM scan method is about 36%. The signal processing was programmed based on the Labview 2011 software. The processing was conducted on an Intel quadcore desktop i7-3770 CPU in a Microsoft Windows 7 with 64 bit environment. 
Single-Step Method in a Fiber-Optic Probe-Based System

A. Schematic
After confirming the concept of the single-step method with the bulk-optic-based system, a fiberoptic probe-based system was implemented. A magnetically actuated probe was adapted for the sample scanning because of its low power consumption and low driving voltage [29] . The probe consisted of a solenoid and a single-body lensed fiber, as presented in Fig. 7 . At the middle of the fiber, a small iron-bead was attached for receiving the magnetic force of the solenoid. The single-body lensed fiber was fabricated by forming a lens on the end of the coreless silica fiber that was fusion spliced to the end of a singlemode fiber [(SMF) core/cladding: 5.6∕125 μm], as in Fig. 7(b) . The system schematic equipped with the fiber probe is depicted in Fig. 8 . The off-axis galvano scanner was used in the reference arm for the phase shifting. In the sample arm, due to the arc motion of the fiber tip, there is an additional phase shift, as illustrated in Fig. 9 . When the fiber length is long enough and/or the fiber scanning angle is sufficiently , and (g)-(i) are SD OCT images of a human finger, fingernail, and tooth, respectively. The figure in the first column corresponds to a full-range image obtained using the single-step method, the figure in the second column is obtained using the BM scan method, and the full-range image of (a) and (b), (d) and (e), and (g) and (h) shows the clear structure inside of the sample. The last column corresponds to a standard SD OCT image overlapped with a complex-conjugate image. small, the additional phase shift can be neglected. However, fortunately, the single-step method only concerns about the phase difference between two neighboring A-lines, not the total phase shift occurring during a B-scan. The lateral resolution of the probe was 14 μm and the oversampling ratio was about 6.
B. Experimental Result
Using the implemented fiber scanning probe, as biological specimens, human fingertip and fingernail were imaged and shown in Fig. 10 . Figures 10(a) and 10(c) display the full-range SD OCT images obtained with the single-step method, and Figs. 10(b) and 10(d) are the corresponding standard SD OCT images. We can clearly see that the complexconjugate artifact, or the image folding feature, in the standard image is completely disappeared in the image of the single-step method. As mentioned at Section 2.C, however, due to the phase-insensitive DC and autocorrelation signals, we can see rather thick horizontal lines in Figs. 10(a) and 10(c). The scanning speed was 20 frames∕s and the image size was 2.3 mm × 3 mm (depth × lateral∶639 pixels × 1250 pixels). Since the number of A-lines was altered from 2000 to 1250 lines, the galvano scanner in the reference arm was realigned based on Eq. (5) to provide the same phase interval of π∕2.
Summary and Conclusion
In summary, we have proposed a single-step method for a fiber-optic probe-based full-range SD OCT system, which has a simple image processing algorithm and a short processing time. The idea for this method was adopted from the two-step phase-shifting method, generally used for a bulk-optic-based system, but appropriately modified for a fiber-optic probe-based system. The phase of each A-line interferogram of SD OCT was modulated, so that the phase difference between two nearest neighboring A-lines became π∕2. From these two phase-shifted neighbor interferograms, a complex spectral interferogram could be constructed, from which the complex-conjugate-free image could be reconstructed with just a single Fourier transform. For the fiberoptic probe-based system, the sample probe was made in a form of single-body lensed fiber and scanned by a solenoid, but the phase modulation was applied on the reference arm with an off-axis galvano scanner. The complex-conjugate-free, fullrange SD OCT images of some biological samples were achieved and compared with the ones obtained with the standard and the BM scan methods. With the standard method, the image was folded along the zero-phase shift line. In the BM scan method, the processing time was long since it needed three times of FFT processes. With the proposed single-step method, however, we could successfully unfold the image and reduce the processing time by 36% over the BM scan method. We hope that this study will lead to the development of a high-contrast endoscopic OCT system in near future.
